An orbit maintenance system equipped with a robot is expected to rescue satellites enabling their life spans to be prolonged and suppressing the amount of space debris. We are studying a system that is capable of the assembly, capture, diagnosis and repair of small satellites in orbit. A ground model of the orbit maintenance vehicle, which is equipped with a pair of robot arms, has been developed for these studies. In this paper, we describe a ground experiment for capturing an uncontrollably rotating satellite using the robot. The capture experiments were performed in sensor-dased autonomous control mode. We demonstrated that the vehicle flies toward the satellite, which is rotating in a test facility simulating 3-dimensional space, by measuring the relative position and attitude through image processing of a target marker, and then captures the handrail of the satellite with a hand having an adaptive mechanism by means of predictive visual servo tracking of the robot arm.
Introduction
Satellites sometimes encounter unexpected failures. We propose an orbit maintenance system which cares for satellites by assembly, capture, diagnosis, replacement of units, disassembly and removal from orbit. 1) In order to study these missions on the ground, we have developed a research model of the orbit maintenance vehicle equipped with a pair of robot arms, and have verified the assembly /disassembly tasks of small satellites using the robot.
2) Our next issue is to capture a malfunctioning satellite by the robot.
Many researchers have carried out studies on satellite capture problems through numerical simulations and experiments on a 2-dimensional flat floor. [3] [4] [5] [6] A space test of satellite capture was also carried out in the ETS-VII space robot experiment, for an attitude-stable target satellite which is kept in the open space of a docking mechanism. 7, 8) The concept studies of satellite capture are also carried out for space servicing. 9, 10) However, the capture experiment for an uncooperative satellite rotating in 3-dimensional (3D) space has not been carried out at the vehicle system level. There are three key points to realize capturing in 3D spinning conditions: i) coordinated approach maneuvering of a vehicle and a robot arm to the moving target without collision, ii) vehicle flight maneuvering without loss of line of sight during nonvisible period, iii) development of a capture hand mechanism that allows for robot arm misalignment to a moving target. In this paper, we present an experimental study to capture a small rotating satellite in a test facility simulating 3D space, using the robot of the orbit maintenance vehicle. Figure 1 shows an overview of the orbit maintenance vehicle research model. The vehicle has two robot arms with end effectors, two stereo cameras on each end effector, a hand-eye camera on the right arm for the capture mission, a star sensor camera for global navigation, a stereo monitor camera on a pan/ 
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tilt stage, a rotational work platform for satellite maintenance, multicomputers, an image processor, robot controllers, three air bearings, eight gas jet thrusters, a rate gyro, batteries, and a radio communication system.
2) It is able to fly freely by actuating the thrusters on the 2-dimentional flat floor. The mass of the vehicle is 250 kg, and each arm weighs 18 kg. The force of each thruster is about 0.8 N.
When the vehicle executes a capture mission, a capture hand is attached to the end effector of the right arm. The total length of the arm, including the hand, is about 1.6 m. The left arm is used to monitor the capture task by means of the stereo camera. Figure 2 shows the capture interface between the hand and the satellite. The hand has two fingers consisting of three joints each. The hand is able to grasp various objects by fitting the fingers to the object shape via a tendon mechanism that is driven by a single actuator through wire cables. 11) In these experiments, we used a 30 cm cubic box with a handrail and a target marker to simulate a small satellite. There is a rectangular slot at the base of the hand to firmly constrain the handrail of the satellite after capture.
The satellite is supported by the 3D test facility as shown in Fig. 3 . The satellite is attached to the axis of a stepping motor on a spherical bearing, so that it is able to rotate around the motor axis and maintain its attitude. We attached countermass inside the satellite box to adjust the balance precisely. The unit consisting of the satellite, motor and spherical bearing is attached to a counterbalance arm that rotates around the pitch axis to approximately simulate vertical free motion. The base of the pillar has an air bearing system to allow it to move freely in the horizontal direction. Thus, the test facility approximately simulates 6-dimensional free space (three axes for attitude and three axes for translation), except for the presence of a small amount of friction.
Capture Maneuver
The satellite capture maneuver is divided into three steps: coarse approach by the maintenance vehicle, fine approach by the robot arm, and capture by the capture hand.
We set the conditions for executing the capture experiment as follows.
-Initial relative velocity between the vehicle and the target satellite is small so that a hand-eye camera on the arm can acquire the target marker image.
-The target satellite rotates around one-axis and the spin rate is measured and estimated beforehand. Figure 4 shows the control block diagram for a capture maneuver. The maintenance vehicle measures the relative position and attitude of the satellite by processing the image of the target marker attached to the satellite using the hand-eye camera on the end effector of the robot arm. From the timesequence data of the measured position and attitude, the motion of the satellite is predicted by linear approximation. Then the maintenance vehicle computer generates its trajectory and executes maneuvers by driving the gas jet thrusters. The attitude of the vehicle is controlled by measuring its angular rate using Spin the rate gyro. The robot arm computer also generates the arm trajectory and executes arm motion control. The control cycle of the maneuver is 4 Hz. The pulse width of 25 ms is employed for gas jet thruster control. Figure 5 shows the target marker. It is attached on the satellite plane that has the handrail. Four white circles of 20 mm in diameter are positioned to form a square in a black square plate. The vehicle measures the position and attitude of the target by image processing of the four white circles. First, the image taken by the hand-eye camera is converted to a binary image. Then the white circles are extracted using two feature conditions: the range of the circle area and the square of the ratio of the area to the perimeter of a circle. Next the relative position and attitude between the target and the camera are calculated using the extracted circles. The measurement is available within the distance of 2 m using this marker. The sampling period of position and attitude in image processing is 500 ms, and it is sufficiently short to control the vehicle motion in the proximity region. Figure 6 illustrates the relationship of the position and coordinate frame between the satellite and the maintenance vehicle during approach. First, the vehicle observes the target marker in one satellite rotation period, and measures the relative position and attitude of the satellite during the time that the marker is visible. Then the arm sets the sight of the hand-eye camera when it sees the front of the satellite plane that has the handrail and the marker. The camera sight is held during the approaching maneuver of the vehicle. Then the vehicle sets a parking position in front of the handrail at a distance of X ref .
Control system

Approach by maintenance vehicle
Next it plans its trajectory from the current position to the parking position. The trajectory is planned taking the period of satellite rotation into account so that the camera can see the marker in the acceleration and deceleration phases, as illustrated in Fig. 7 . During the time that the marker is not visible, the vehicle flies in coasting mode except for attitude control. Thus the vehicle generates a profile of flying velocity. As soon as the vehicle recognizes the marker in the next cycle, it begins to move toward the satellite by velocity feedback control, measuring the relative position and attitude from the marker. When the marker is not visible, the vehicle flies in coasting mode. The attitude of the vehicle is controlled not only in the visible period, but also the nonvisible period using the rate gyro. This control prevents loss of the target marker at the next visible period. When the vehicle arrives near the parking position, position feedback control is engaged to hold the parking position.
Approach and capture by robot hand
In the next step, the maneuver for fine approach by the robot arm is executed. Position feedback control is changed to a drift mode, in which position and attitude control are turned off to prevent the thruster plume from adding disturbance to the satellite in this phase. Figure 8 shows the top view of the positional relationship between the hand and the handrail of the satellite in this maneuver. Figure 9 shows a detailed flow chart. First, the robot arm sets the centerpoint of the hand P HC as the tentative reference point. Then the robot arm predicts reference capture point P S2 at current position P S1 from the motion of the capture point on the handrail while it measures the target marker. The robot arm tracks the predicted capture point P S2 that is calculated at the current position P S1 by linear approximation, as shown in Fig. 8 , until the distance between P S2 and P HC is smaller than the threshold value δ. If this condition is satisfied, the robot arm changes the tentative reference point P HC to the base point of the hand P HB . This procedure is employed in order to track the handrail well into the capture area of the hand. Thus the robot arm begins its final approach to the handrail, and the hand is commanded to close to grasp the handrail. The robot arm executes the entire maneuver autonomously.
Experimental Results
Capture under fixed-base condition
In the first step, the capture experiments using the robot arms of the orbit maintenance vehicle were carried out under the following conditions.
-The maintenance vehicle is fixed on the ground.
-The target satellite is located within the region of robot arm manipulability.
-The satellite rotates at 1 rpm around the z-axis (in the base coordinate frame of robot arm).
-The satellite is supported by a 3D test facility that simulates 6-dimensional free space and the base is floated by an air bearing system.
Typical experimental results are shown in Figs. 10 and 11. Figure 10 shows the x-position of the tip of the robot arm and force Fx in the base coordinate frame of the robot arm. Figure  11 shows the y-position of the tip of the robot arm and force Fy in the same experiment. These results suggest that the robot arm tracks the tangential direction of the rotating satellite (along the x-axis direction) and simultaneously approaches it (along the y- 
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The robot arm changes reference point from P HC to base point P HB
The vehicle is set to drift mode
The robot arm begins final approach and captures handrail using hand
The robot arm sets a hand center point P HC as tentative reference point
The robot arm predicts capture point from current handrail point axis direction), and captures it smoothly. The capturing reaction force was less than 10N and the moment was less than 7Nm. Under the current experimental conditions, the robot arm captured the rotating satellite with high reliability; that is, a success rate of almost 100% was attained after control parameter tuning. The proposed maneuver was applicable to the rotating satellite, even if the spin axis has a tilt of 10 degrees to the vertical or z-axis.
Limitations of rotation rate for capturing depend on arm tracking speed, image processing speed, inertia of payload and safety requirements such as collision. In our experiment, the tangential speed of the rotating handrail at 1 rpm is 4.2 cm/s, and this is the main factor for the safe capture. Since most threeaxis stabilized satellites that lose attitude control will rotate slowly about the major axis due to energy dissipation, the method will be able to be applied in most cases.
Capture under floating conditions
The overall system experiments for capturing by the maintenance vehicle were carried out under the following conditions.
-The maintenance vehicle is floated by the air bearing system. -The satellite rotates at 1 rpm around the z-axis (in the base coordinate frame of robot arm).
An example of the experimental results is shown in Fig. 12 . The figure shows the relative distance between the hand-eye camera and target satellite. The vehicle followed the reference trajectory by velocity feedback control in the initial phase, using the relative position and attitude determined by image processing of the marker. Then the flight of the vehicle was changed to the coasting mode when the marker was not visible. The vehicle moved toward the target satellite at 1.2 cm/s. Introducing the coasting mode was effective for reducing propellant consumption. After recognizing the marker, the vehicle again followed the planned trajectory by velocity feedback control, and arrived at the parking position P P . Then the vehicle changed its flight to drift mode, and the robot arm began to approach the satellite. It tracked the satellite motion quickly, then began its final approach and successfully captured the satellite. It takes about 70 sec. to capture the satellite from the start of vehicle approach. It was demonstrated that the orbit maintenance vehicle is able to capture satellites autonomously. However, the vehicle sometimes fails to complete the capture due to unexpected drift and/or stick-slip phenomena on the flat floor. These problems are caused by the slight slope , displacement and friction of the flat floor, because the acceleration driven by the thrusters, about 0.006 m/s 2 , is not sufficiently high to overcome the nonlinear disturbance of the air bearing/flat floor system. This will not occur in space.
According to our concept for "space environment preservation systems" 2) , the orbit maintenance vehicle handles the constellation system consisting of 10-50 kg class small satellites. Our experiment was carried out on the basis of this assumption. For capturing a larger satellite, the inertia effect causes the problem of arm stress. In this case, we showed in the previous work 3) that the fine tracking relative to the target and active limp control, which is arm velocity control to reduce the reaction force during capture, are effective for suppressing the impact force.
A movie of the capture experiment can be seen via Web site at http://www.space.rcast.u-tokyo.ac.jp/Rosetta/cap2.mpg.
Conclusions
The experimental study of capturing an uncontrollable rotating satellite using the robot arms of an orbit maintenance vehicle was carried out in a test facility that simulates 6-dimensional free space. The vehicle successfully captured a satellite with a target marker and a handrail while operating in autonomous control mode. This was achieved by introducing flight path planning of the vehicle using the characteristics of periodical motion of the satellite, two-stage predictive visual servo tracking by the robot arm, and a capture hand mechanism that allows for arm misalignment to a moving target. Since most of the satellites that lose attitude control rotate slowly about the major axis due to energy dissipation, the proposed method will be applicable practically in space if the satellite has a marker and a handrail.
We consider the future issues of satellite capture to be as follows.
-Methods of measuring the relative position and attitude of the satellite when the camera cannot see the target maker, to increase safety.
-Methods of capture for satellites with more complicated configurations and in tumbling motion.
